Abstract Wild potato relatives are rich sources of desirable traits for introgressive hybridisation into cultivated potato. One of them, Solanum commersonii (2n = 2x = 24, 1EBN, endosperm balance number), is an important species belonging to the potato tertiary genepool. It can be used in potato breeding through bridge crosses and 2n gamete production. Triploid F 1 hybrids between S. commersonii (through spontaneous 2n egg formation) and diploid 2EBN Solanum tuberosum Group Phureja were crossed with S. tuberosum Group Tuberosum, resulting in successive backcross 1, 2 and 3 progenies. The main aim of this study was to determine if there are any barriers to homoeologous pairing and recombination in the allotriploid (S. commersonii 9 potato) hybrids and their backcrosses, and so to predict if S. commersonii chromosomes can be transmitted to the next generation and introgressed into their recipient potato chromosomes. Microscopic observations of spread pollen mother cells suggested no preferential pairing in the triploid hybrids, while chromosome transmission and segregation in further meiotic stages were fairly balanced. Fluorescent in situ hybridisation with BAC probes (BAC FISH) was used to obtain markers to trace the meiotic behaviour of specific chromosome pairs. Moreover, genomic in situ hybridisation (GISH) demonstrated no obvious differences in fluorescence signals between the homoeologues suggesting that repetitive sequences did not diverge much between the parental species. As a consequence, we were not able to trace the course of the S. commersonii chromosomes in the successive introgressive hybridisation backcross generations. Our results strongly point at a high genomic similarity between the homoeologous chromosomes promising high suitability of S. commersonii in introgressive hybridisation breeding of potato.
Introduction
Cultivated and wild relatives of potato comprise a huge germplasm resource, more diverse and accessible than that of any other crop (Hawkes 1966; Ross 1986; Hanneman 1989; Peloquin et al. 1989; Hawkes 1990) . The collection provides essential genetic traits for many of the biotic and abiotic threats to the crop (Jansky 2000; Solomon-Blackburn and Barker 2001; Jansky and Peloquin 2006; Hamernik et al. 2009 ), which can be transferred to selected cultivars by introgressive hybridisation. The rich gene pool also contributes to allelic diversity for breeding programmes, and so determines the prospect for selecting desired allele combinations and maximizing heterozygosity, required for yield improvements (Mendoza and Haynes 1974) .
However, crossing and zygotic barriers in the interspecific hybrids and backcross derivatives, particularly in those belonging to the secondary and tertiary genepool (Bradshaw 2007) , may impede the introgression programmes and thus, considerable efforts have been devoted to overcoming such barriers (reviewed by Jansky 2006) by ploidy manipulation (reviewed by Ortiz 1998; Ortiz et al. 2009 ) and/or bridge crosses ). The most prominent hybridisation barrier in the potato gene pool is endosperm balance number (EBN). The EBN hypothesis (Johnston et al. 1980) proposes that each Solanum species has a specific empirical EBN and that for a cross to be successful a 2:1 maternal to paternal EBN ratio is required in the hybrid endosperm. EBN is not directly linked to ploidy level but ploidy manipulation helps overcome the EBN hybridisation barrier (Johnston and Hanneman 1982) . Crossability is then routinely evaluated through pollen stainability, an indirect measurement of fertility in the hybrids and backcrosses.
One important representative of the potato tertiary genepool is Solanum commersonii. This species harbours resistances to various biotic stresses such as Phytophtora infestans (Micheletto et al. 2000) , Ralstonia solanacerum (González et al. 2013 ) and other severe potato pathogens, such as Pectobacterium, Verticillium, Alternaria, and X and Y viruses (Laferriere et al. 1999; Carputo et al. 2000) . Additionally, S. commersonii has long received attention because of its frost tolerance and cold acclimation capacity (Palta and Li 1979; Palta and Simon 1993; Vega et al. 2000) , and it is therefore an outstanding source for broadening the genetic base of cold and drought adaptation (Chen et al. 1999) . A few accessions of this species have been used in potato introgression breeding (Bamberg et al. 1994; Carputo et al. 1997 Carputo et al. , 2000 Carputo et al. , 2009 Laferriere et al. 1999; Chen et al. 1999) . However, interactions at the cytogenetic level have not been described and thus the efficiency of introgression is not completely understood.
A strategy based on the production of unreduced gametes was designed to start a hybridisation programme to introgress resistance to Ralstonia solanacearum and broaden the genetic base of the potatoes cultivated in Uruguay (González 2010) . This strategy differs from previous schemes such as the one presented by Carputo et al. (1997) in that it makes use of the natural production of unreduced gametes in S. commersonii and in that it takes advantage of the variability generated by meiosis, instead of using ploidy manipulations to overcome the EBN barrier (Fig. 1) . A diploid Solanum tuberosum Group Phureja clone was used in the initial cross to overcome incongruity between the species. The F 1 plants were used as female parents for backcross 1 (BC 1 ) progenies, again through spontaneous unreduced gametes and with a S. tuberosum Group Tuberosum clone as male parent. Successive backcrosses with different S. tuberosum Group Tuberosum genotypes produced advanced backcross progenies.
The degree of homoeologous pairing and recombination in interspecific hybrids can be assessed directly by analysing pollen mother cells at diakinesis and later meiotic stages. When combined with genomic in situ hybridization (GISH) to discriminate parental genomes, pairing analysis allows tracing alien chromosomes in the recipient background. This approach has been used in interspecific hybrids of various Solanum species, showing the parental chromosomes in S. etuberosum (?) potato (Dong et al. 1999; Gavrilenko et al. 2003) , S. nigrum (?) potato (Horsman et al. 2001) , S. bulbocastanum (?) potato (Iovene et al. 2007 ) and S. brevidens (?) potato hybrids (Dong et al. 2001; Gavrilenko et al. 2002; Dong et al. 2005 ) and potato-S. brevidens chromosome substitution lines (Tek et al. 2004) . Cross-species BAC-FISH painting can be useful to compare chromosome-specific markers between one species and its relative (Dong et al. 2000) . These markers have proved useful to analyse the behaviour of the corresponding chromosomes or chromosome regions during mitosis and meiosis (Schubert et al. 2001; Lysak et al. 2003; McKee 2004) . They also constitute a powerful tool for karyotyping in species with small chromosomes or across related species (Dong et al. 2000) and to identify extra chromosomes in aneuploids (Ji 2014) or chromosomes containing genes responsible for resistance traits (Tek et al. 2004) . When GISH was combined with chromosome-specific molecular markers the transmission and segregation of individual chromosomes could be traced in potato (?) tomato fusion hybrids (Jacobsen et al. 1995; Garriga-Calderé et al. 1997 , 1998 and wide potato hybrids (Ono et al. 2016) . This approach has also been used to elucidate the genomic constitution of wild allopolyploid species (Pendinen et al. 2008 (Pendinen et al. , 2012 . The limitation of the GISH technology in discriminating parental chromosomes in hybrids is that it depends on how much species-specific tandem and dispersed repeats have diverged in the progenitors and this is still unknown for S. commersonii, S. tuberosum Group Phureja and S. tuberosum Group Tuberosum.
According to Matsubayashi (1991) , many diploid species in the genome classifications of section Petota share a common genome called A. Their diploid hybrids demonstrate regular meiosis with good pollen fertility. Lack of genome differentiation has been proposed for Solanum section Petota (Camadro et al. 2004) , although some cryptic variants were described by Matsubayashi (1991) . These variants are not visible in the meiotic behaviour of diploid hybrids and result in a more or less reduced pollen fertility. In amphiploids frequent preferential pairing was observed. Definite structural variants were also described, based on various meiotic irregularities and low pollen fertility (around 10%) in the diploid hybrids (Matsubayashi 1991) . The factors underlying the observed meiotic behaviour and pollen fertility were not clarified with the approaches available at that moment. Although he proposes that S. commersonii, S. tuberosum Group Phureja and S. tuberosum Group Tuberosum share two A genomes, with two extra A t genomes in tetraploid potato, it is not clear to what extent the differences across these species are cryptic Fig. 1 Introgressive hybridisation breeding crossing scheme between S. commersonii and S. tuberosum Group Tuberosum, using S. tuberosum Group Phureja as bridge cross species (González 2010) . This crossing scheme produced the F 1 , BC 1 and BC 2 progenies analysed in this study or genuine and if such dissimilarities affect homoeologous pairing and recombination. If such variants reflect quantitative or qualitative changes in the repetitive sequences it may be possible to visualise such genomic differentiation through GISH.
In this study, we focused on whether there was evidence of restrictions to pairing and recombination between the chromosomes of S. commersonii and S. tuberosum (both Group Phureja and Group Tuberosum). We analysed the male meiosis of triploid interspecific hybrids to test if there was preferential pairing between the two S. commersonii genomes and exclusion of the S. tuberosum Group Phureja chromosomes. We also attempted to follow the fate of specific chromosomes in these triploid hybrids and successive introgressive hybridisation backcrosses, both through BAC FISH markers and genome painting (GISH).
Materials and methods

Plant material and slide preparation
We described homoeologous pairing in the male meiosis of individuals from the introgressive hybridisation breeding programme described in Fig. 1 , namely two allotriploid interspecific hybrids code named 06.201.6 and 06.201.20 (2n = 3x = 36, 2EBN) to test the scenario of preferential pairing and clones from the BC 1 and BC 2 progenies (Table 1) to look at pairing and follow the fate of alien chromosomes in the successive backcrosses.
For chromosome counts, root tips were pre-treated with 2 mM (w/v) aqueous 8-hydroxyquinoline for 4 h at 20°C and 20 h at 4°C, fixed in a 3:1 ethanol-acetic acid solution for 48 h, followed by 70% ethanol and stored at 4°C. We performed digestion with an enzyme mix containing 2% (w/v) pectinase (from Aspergillus niger, Sigma Aldrich, St. Louis, MO, USA, P-4716) and 2% (w/v) cellulase RS (Yakult 203033, Yakult Pharmaceutical, Tokyo, Japan) in 10 mM Na citrate buffer (pH 4.5) for 2-4 h at 37°C. Slides were prepared following the squashing method in 45% acetic acid and stained using with 5 lg/mL DAPI in Vectashield anti-fade (Vector Laboratories). For the analyses of meiotic stages, we harvested young flower buds in the morning (11-12 am) and fixed them directly in 3:1 ethanol: acetic acid as described above. For the study of early meiotic stages, we prepared spread preparations of pollen mother cell (PMC) complements following the procedure described in Szinay et al. (2008) with minor modifications. For meiotic cells at diakinesis and later stages, we used the squashing method. Briefly, anthers previously selected for these stages were digested for 2-4 h at 37°C in an enzyme mix of 1% (w/v) pectolyase Y23 (pectolyase from Aspergillus japonicus, Sigma Aldrich, St. Louis, MO, USA, P-3026), 1% (w/v) cellulase RS (Yakult 203033, Yakult Pharmaceutical, Tokyo, Japan) and 1% (w/v) cytohelicase (cytohelicase from Helix pomatia, Sigma Aldrich, St. Louis, MO, USA, C8274) diluted 1:5 in 10 mM citrate buffer (pH 4.5). Individual anthers were transferred to 30-40 lL 60% acetic acid and squeezed carefully with fine needles to release the PMC. 8-10 lL of the cell suspension were dropped onto the clean slide and a 24 9 50 mm coverslip was put on top. We alternated treatment at 55°C for 30-60 s, with 10-20 s at about 208 C. This procedure was repeated as many times as necessary for about 10 min, adding 60% acetic acid to avoid preparation from drying. The preparation was then firmly squashed and the coverslip was removed after freezing in liquid nitrogen. Pollen stainability was measured by shaking mature flowers on slides and staining the pollen with 1% aceto-carmine.
Probe and blocking DNA isolation and in situ hybridisation BAC clones used for FISH were obtained from the RHPOTKEY potato BAC library constructed from the RH clone RH89-039-16 and had previously been selected by Tang et al. (2009) for each of the twelve potato linkage groups. BAC DNA was isolated using the QIAGEN (Valencia, CA) plasmid minikit and amplified using the REPLI-g minikit (QIAGEN). Pools of BACs for each chromosome were either directly labelled with Cyanine 3-dUTP (Cy3, Enzo Life Sciences), Cyanine 3.5-dCTP (Cy3.5, GE Healthcare, Sweden) or Diethylaminocoumarin-5-dUTP (DEAC, Perkin Elmer Inc.), or indirectly labelled biotin-16-UTP or digoxigenin-11-dUTP by standard nick translation reaction (Roche Diagnostic, Indianapolis). Probes with the 5S rDNA from the pCT4.2 plasmid (Campell et al. 1992 ) and 18-35S rDNA from the pTa71 plasmid (Gerlach and Bedbrook 1979) were used as chromosome markers for pairs 1 and 2 respectively, and also as hybridisation controls.
Genomic DNA from the S. commersonii maternal genotype 04.02.3 ( Fig. 1) was isolated following the protocol described by Jobes et al. (1995) , starting from 5 g of ground leaf material to obtain larger DNA quantities and concentration and increasing the buffer volumes accordingly. We labelled it with digoxigenin-11-dUTP by standard nick translation reaction (Roche Diagnostic, Indianapolis). Additionally, we isolated genomic DNA from S. tuberosum cv Desirée also following Jobes et al. (1995) with the minor modifications described and we used it as blocking DNA (100 times probe concentration). FISH and GISH experiments were performed as described previously (Zhong et al. 1996) , with the minor modifications introduced by Gaiero et al. (2017) . Hybridisation was carried out over 3 days to obtain enhanced signals. Hybridisation of the repetitive sequences in the BAC DNA was suppressed by adding unlabelled C 0t -100 (50 times probe concentration) which was prepared from S. commersonii and S. tuberosum genomic DNA as described by Tang et al. (2008) . In GISH experiments, stringency was adjusted to 80-85% by performing stringency washes with 50% formamide/ 2 9 SSC at 42°C for 15 min. Chromosomes were counterstained with 5 lg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI) in Vectashield anti-fade (Vector Laboratories).
Image acquisition and processing
We examined the slides under a Zeiss Axioplan 2 imaging photomicroscope (http://www.zeiss.com) with epifluorescence illumination and filter sets for 4 0 ,6-diamidino-2-phenylindole (DAPI), DEAC (blue), FITC (green), Cy3 (orange), Cy3.5 (red), and Cy5/ Alexa Fluor 647 (far-red) fluorescence. Selected images were captured using a Photometrics Sensys 1305 9 1024 pixel CCD camera (Photometrics, http://www.photomet.com). Image thresholding was performed with Adobe Ò Photoshop Ò software as follows: DAPI images were displayed in light grey and sharpened using a 7 9 7 pixel Hi-Gauss high-pass spatial filter to accentuate minor details and the heterochromatin morphology of the chromosomes. The remaining fluorescence images were pseudo-coloured and overlaid in multichannel mode. Brightness and contrast adjustments were performed using the Levels tool in Adobe Ò Photoshop Ò affecting all pixels equally.
Results
Analysis of homoeologous pairing in 3x hybrids and backcrosses
All F 1 hybrids were triploid (2n = 3x = 36), whereas all BC 1 have chromosome numbers varying from 2n = 61-65. Their corresponding BC 2 progenies were 4x-aneuploid, ranging from 48 to 59 chromosomes (Table 1) .
Detailed meiotic analysis was performed on pollen mother cells (PMC). Frequent trivalents were observed at pachytene, together with bivalents plus single chromosomes (Fig. 2a) . Meiotic configurations were studied at diakinesis, when chromosome spreading was sufficient to distinguish the different pairing configurations (Fig. 2b) . In the F 1 allotriploids most chromosomes form trivalents, with an average frequency of 7.3 III, 4.9 II and 4.3 I per cell in a total of 61 cells (Fig. 3) . We observed chain, frying-pan and Y-shaped trivalents (Fig. 2b) , which are explained by combinations of homologous and homoeologous pairing and crossing over. There were some rare cases of cell complements containing a ring quadrivalent or quinquevalent, probably due to overlapping bivalents and trivalent (data not shown). Later stages demonstrated rare cases of chromosome irregularities (Table 2) , including precocious migration and chromosomes out of plate at metaphase I and early anaphase I. We also observed chromosome stickiness (bivalent interconnections) during diakinesis and metaphase I. Anaphase I and II were typical of odd ploidy genotypes with various unbalanced (Fig. 2c) . We did not detect lagging chromosomes at anaphase I/II and only few cases of anaphase bridges were observed, that apparently resolved at later stages, as telophase I/II PMC did not contain micronuclei (Table 2 ). Due to an atypical alignment of meiotic spindles, about half of the meiotic products were polyads, while the other half produced tetrads ( Fig. 2d ; Table 2 ). This, combined with the typical unbalanced segregation found in odd ploidy genotypes, meant that pollen stainability was on average 17% (Table 1 ) so the proportion of fertile pollen was low. Meiotic analysis was also performed on some BC 1 and BC 2 individuals. We observed a high proportion of PMCs at pachytene with configuration involving three or more chromosomes, and similar complex multivalents in cells at diakinesis (Fig. 5c, d ) and the typical segregation for odd ploidy genotypes in cells at further stages (data not shown). On average, we found 16.2 multivalents, 5.6 II and 2.4 I in PMCs at diakinesis from BC 1 individuals, while in BC 2 we found 12.9 multivalents, 4.3 II and 1 I on average (data not shown). The complexity of homoeologous pairing in these 4x-and 5x-aneuploids did not allow for detailed descriptions of the composition and configurations of the multivalents. Pollen stainability values are higher in these more advanced backcrosses, with an average of 38% stainable pollen. This pollen fertility was enough to use one of the BC 2 genotypes as male parent for the BC 3 progeny.
Identification of meiotic chromosomes
We used chromosome-specific cytogenetic markers to follow the behaviour of the corresponding chromosomes during meiosis. We observed that all chromosomes identified with BAC FISH or rDNA signals were involved in trivalents in most of the complements assessed (Fig. 4a, b) . For example, chromosome pair 1 was forming a trivalent in 7 cell complements out of 15, while chromosome pair 2 was involved in a trivalent in 13 cells and appeared as a univalent plus bivalent in 2 cells (data not shown). We did not find any specific chromosomes that systematically failed to synapse with their homoeologues in the 15 cells quantified i.e., all chromosome pairs were forming trivalents in at least three of the 15 cells assessed (data not shown). Aneuploid individuals in the BC 1 and BC 2 show variable numbers of rDNA bearing chromosomes ( Table 1 ), suggesting that imbalances may involve different chromosome pairs in each individual.
Genomic in situ hybridisation (GISH)
To identify S. commersonii chromosomes in F 1 3x hybrids and to follow their fate in the successive backcrosses, we performed GISH using S. commersonii genomic DNA as probe and highly stringent blocking with unlabelled cultivated potato genomic DNA. All chromosomes show hybridisation with the S. commersonii genomic DNA probe, so it is not possible to discriminate those that come from each parental species (Fig. 4c, d ). The hybridisation signal shows the typical dispersed pattern of highly repetitive genome sequences and a stronger signal in the pericentromere region, coherent with the high stringency used in the experiments. These results did not allow us to visualize recombination events or introgressed chromosome segments. The alien (S. commersonii) chromosomes could not be followed in the successive backcrosses through GISH in mitotic metaphases of BC 1 and BC 2 genotypes (Fig. 5a, b) . Although it could be argued that the pericentromere signal is stronger on some of the chromosomes, these quantitative differences cannot be interpreted as qualitative (presence/absence) differences and therefore do not allow us to draw conclusions. Similar results were obtained when we performed GISH painting on diakinesis complements belonging to BC 1 and BC 2 genotypes (data not shown).
Discussion
The different approaches used here have allowed us to describe and quantify pairing between the chromosomes of S. commersonii and S. tuberosum (both Group Phureja and Group Tuberosum) to find out the extent of homology/homoeology between their genomes. We have not observed any barriers to the exchange of chromosomal segments through the stringent test of homoeologous pairing and Fig. 4 a Homoeologous pairing in pollen mother cells (PMC) from 3x hybrids between S. commersonii and S. tuberosum Group Phureja hybridised with probes specific to chromosome pairs: 1 (yellow), 2 (blue), 3 (purple), 4 (red) and 6 (green) and b 1 (yellow), 2 (blue), 3 (purple), 4 (red) and 7 (green). Chromosomes can be observed forming trivalents or bivalents/ univalents. c, d Genome painting on pollen mother cells (PMC) from 3x hybrids between S. commersonii and S. tuberosum Group Phureja using S. commersonii genomic DNA as probe (green), 18-35S rDNA (red) and 5S rDNA (yellow) as hybridisation controls in diakinesis and metaphase I, respectively. (Color figure online) recombination in triploid hybrids. We have also described the underlying factors that determine crossing success between these species at the cytogenetic level. We observed a high frequency of trivalents per cell, which may allow us to discard preferential pairing between genomes coming from S. commersonii and we did not find any evidence of exclusion of S. tuberosum Group Phureja or S. tuberosum Group Tuberosum chromosomes.
We have confirmed that there is frequent homoeologous pairing between the chromosomes of S. commersonii and S. tuberosum Group Phureja in the triploid hybrids. At pachytene we observed trivalents formed by different chromosome pairs. There was high degree of synapsis and some pairing breaks along the length of the trivalent, which are randomly distributed (Gaiero et al. 2017) . In some cases, we observed small loops (inset Fig. 2a) , which might represent small local rearrangements. However, a previous study has shown that at the large-scale there is high collinearity between these two species (Gaiero et al. 2017 ). Although we have not analysed the female meiosis in these hybrids, its recombination rate is generally higher than in the male meiosis in hermaphroditic plants (reviewed by Lenormand and Dutheil 2005; Wijnker and de Jong 2008) . The recombination ratio between male and female meiosis ranged between 0.84 in hybrids between tomato and a wild relative (de Vicente and Tanksley 1991) and 0.73 between potato and a wild relative (Kreike and Stiekema 1997) , and was 0.72 in a close wild relative, S. chacoense, (Rivard et al. 1996) . Therefore, it can be inferred that the ratio might be similar in the hybrids studied here, and thus that homoeologous pairing could be as frequent or even more frequent in the female meiosis.
At diakinesis, the pairing that was established in earlier stages was maintained and there was high frequency of trivalents (average 7.3 III, 4.9 II and 4. (Fig. 3) . We could observe chiasmata, which confirm previous homoeologous pairing. Although trivalent formation was already reported for 4x S. commersonii 9 2x S. tuberosum Group Tuberosum-Group Phureja allotriploids, the authors could not describe or quantify it (Barone et al. 1999) . Homoeologous pairing frequencies found here are higher than those found for different allotriploid hybrids between species from different series within section Petota (Lange and Wagenvoort 1973; Masuelli and Camadro 1992) . Moreover, our results were the same as those found for autotriploid S. tuberosum, with an average of 7.06 III (range 2-12 III) across different autotriploid plants (Lange and Wagenvoort 1973) . We frequently found trivalents in Y-shaped or V-shaped configurations, with some frying pan and chain configurations as well. These results suggest recombination among homoeologues in earlier stages. In the case of Y-shaped and frying pan configurations, they point at low interference. These configurations require two crossing-over events in the same arm (Singh 2003) . This implies that the introgressed segments are smaller and therefore with lower linkage drag. According to our BAC FISH results, no chromosomes failed to pair systematically (i.e., no chromosomes appeared as a univalent plus a bivalent in all the cells assessed). These results coincide with the high structural collinearity found between S. commersonii and S. tuberosum by Gaiero et al. (2017) . Homoeologous pairing was also observed in PMC from the BC 1 and BC 2 progenies, showing mostly multivalents (16 on average in the BC 1 and 13 in the BC 2 ) with relatively few bivalents and very few univalents. It appears to be higher than that observed by Barone et al. (1999) and Carputo (2003) . Put together, our chromosome pairing evidence indicates that the F 1 triploid hybrids between S. commersonii and S. tuberosum Group Phureja behave as autotriploids and that homoeologous recombination can take place among all their chromosomes. We have developed a set of S. commersoniispecific SSR markers (Sandro et al. 2016 ) and we are currently testing them in the advanced backcross progenies to follow the fate of S. commersonii-specific chromosomal segments and to find conclusive evidence for homoelogous recombination.
Chromosome segregation in further meiotic stages was fairly balanced, with fewer irregularities than those observed in previous studies on triploid hybrids between potato and wild relatives (Adiwilaga and Brown 1991; Masuelli and Camadro 1992; Carputo et al. 1995) . These authors found high frequency of cells with laggards in anaphase I and II. In our case these events were absent, albeit the lower number of cells evaluated (Table 2 ). The most common irregularities found here were precocious migration/bivalents out of plate, which is a common characteristic of anaphases in Solanum (Ramanna and Hermsen 1982; de Jong et al. 1993; Larrosa et al. 2012 ). These few irregularities were resolved further on. At telophase I and II most PMC did not contain micronuclei ( Fig. 2;  Table 2 ), while they were present in the 4x S. commersonii 9 2x S. tuberosum Group TuberosumGroup Phureja analysed by Carputo et al. (1995) and were very common in the S. commersonii 9 S. gourlayi allotriploids (Masuelli and Camadro 1992) . According to our results, meiotic products were approximately 50% polyads and 50% tetrads ( Fig. 2d ; Table 2 ) which could carry unbalanced chromosome numbers. These results are discouraging compared to those obtained by Carputo et al. (1995) and combined with unbalanced segregation, meant that pollen stainability was on average low (17%). In the past, the only indication of crossability was pollen stainability. In such case, a highly suitable wild donor as S. commersonii, would have been discarded without looking at chromosome pairing. However, when pairing takes place, only a few successful crosses are enough to introduce the wild germplasm into the cultivated potato background. In our context this difficulty was overcome because these triploids were successfully used as female parents for the BC 1 progenies, through 2n gametes. These BC 1 and BC 2 progenies produce higher percentages of stainable pollen (Table 1) , as expected from their more balanced genomic contributions.
Great variation in chromosome numbers was found in the BC 1 (2n = 5x ? = 61-65) and BC 2 (2n = 4x-5x = 48-59) progenies (Table 1 ). In our case BC 1 plants were aneuploid, while Barone et al. (1999) found that most were exact allopentaploids. The cases of 5x-aneuploids were explained in terms of occasional omission of chromosomes in the restitution nuclei forming 2n eggs (Carputo 2003) . The most important post-zygotic barrier in potatoes is EBN. It is not clear yet what factors determine EBN or where they are mapped in the potato genome. Aneuploid gametes with extra chromosomes bearing the EBN controlling factors might be positively selected for compatible crosses and thus favour the formation of genotypes with complements higher than the expected 2n = 5x = 60 (Carputo 1999; Henry et al. 2009 ). For the BC 2 plants Carputo et al. (2003) observed a narrower range of chromosome number variation, with a tendency towards tetraploid (2n = 4x = 48) numbers. In hybridisation programmes with S. tuberosum Group Tuberosum involving other species such as S. demissum, in pentaploid BC 1 progenies variations in chromosome number were directly related to the amount of wild germplasm in the BC 1 plant because the genome from S. tuberosum was equally inherited to the progeny (Ono et al. 2016) . However, the ranges found here point at random segregation of both homologous and homoeologous chromosomes in the backcross progenies.
Genomic in situ hybridization (GISH) demonstrated hardly any differences in fluorescence signals between the homoeologues, so we were not able to discriminate chromosomes belonging to each species. GISH has been useful to discriminate potato chromosomes from those belonging to species from other Solanum sections like tomato (Jacobsen et al. 1995; Garriga-Calderé et al. 1997 , 1998 or S. nigrum (Horsman et al. 2001) . Within section Petota, GISH has been successfully used for hybrids between S. tuberosum Group Tuberosum and non-tuber bearing potato relatives carrying the E genome (Matsubayashi 1991) , like S. brevidens (Dong et al. 2001; Gavrilenko et al. 2002; Tek et al. 2004; Dong et al. 2005) or S. etuberosum (Dong et al. 1999; Gavrilenko et al. 2003) . No successful GISH results have been reported for hybrids between potato and its closer A-genome tuberbearing wild relatives, with the exception of S. bulbocastanum, a diploid (1EBN, A b genome) Mexican species (Iovene et al. 2007 ). This suggests that repetitive sequences have not diverged much among their genomes, in spite of the estimated 2.3 million years divergence between the species (Aversano et al. 2015) .
The low degree of genomic divergence among potato wild relatives contrasts with the results reported for the species of another well studied clade within the same genus: tomato wild relatives. Variable homoeologous recombination rates have been found through molecular markers and sequence data in introgression lines of S. lycopersicoides (Canady et al. 2006) or S. pimpinellifolium (Demirci et al. 2017 ) with tomato. Significant structural rearrangements have been described among species belonging to the tomato clade (Anderson et al. 2010; Verlaan et al. 2011; Szinay et al. 2012) . GISH has been successfully applied to tomato hybrids with S. peruvianum or S. lycopersicoides (Parokonny et al. 1997; Ji and Chetelat 2003; Ji et al. 2004) . Results of GISH experiments like those reported here show that the repetitive sequence fraction of the genome has low divergence among potato wild relatives. This compositional difference of the repetitive fractions in the genomes in the potato and tomato clades may itself (through repetitive DNA dynamics) underlie the mechanisms leading to different rates of molecular, pairing and structural chromosome differentiation among potato, tomato and their respective wild relatives. Analyses on the nature, abundance and dynamics of the repetitive fractions of their genomes are currently underway.
The results found in this study are evidence to reinforce the hypothesis of lack of genome differentiation within the potato clade, most likely maintained by (or being a by-product of) pre and post zygotic hybridisation barriers Camadro et al. 2004) . Genome similarity between S. commersonii and potato must be 85% or higher, because of the stringency used in GISH experiments and the high blocking conditions. To what extent this is related to homoeologous pairing and recombination is still unclear. A lot remains unknown about the mechanisms that guide homologous pairing (Bozza and Pawlowski 2008) , let alone interactions among homoeologues. Although some authors give homology only indirect responsibility for initial pairing (Sybenga 1999) , meiotic chromosome pairing is generally accepted to be based on DNA homology. However, it also depends on spatial location (Bozza and Pawlowski 2008) . Initial recognition is related to simultaneous conformational changes in chromatin in both partners that can only be triggered by interactions between true homologues, so that they can only pair if they are in the same conformational state (Prieto et al. 2004) . It also needs overcoming of compact heterochromatin regions that might be difficult to access and of the spurious pairing that might be caused by repetitive sequences (Bozza and Pawlowski 2008) . Similar heterochromatin distribution and condensation together with similar chromosome structures were found between the genomes of S. commersonii and S. tuberosum Group Phureja (Gaiero et al. 2017) . Therefore, the genome similarity found here between S. commersonii and S. tuberosum Group Tuberosum must be both at the local and global chromosomal homology levels to ensure the observed pairing.
Our results have important implications for the use of S. commersonii in potato introgressive hybridisation breeding. Allotriploids like the ones analysed here are the most stringent test for homoeologous pairing and recombination between two species. Our data show that homoeologous pairing is highly frequent and recombination can take place, as would rather be expected in autotriploids, making introgression of the desired traits possible. It was not possible to discriminate the chromosomes belonging to the parental species or to pinpoint the introgressed chromosomal segments in complements from advanced backcrosses, which would have been valuable tools to assist negative selection for alien chromatin and to confirm introgression. On the other hand, the high genome similarity observed, together with the high collinearity between the two genomes, suggest that introgression of S. commersonii chromosomal regions should be highly efficient and the potential of this species for potato breeding can be fully exploited.
